Embedding a magnetic electroactive molecule in a three-terminal junction allows for the fast and local electric field control of magnetic properties desirable in spintronic devices and quantum gates. Here, we provide an example of this control through the reversible and stable charging of a single all-organic neutral diradical molecule. By means of inelastic electron tunnel spectroscopy (IETS) we show that the added electron occupies a molecular orbital distinct from those containing the two radical electrons, forming a spin system with three antiferromagnetically-coupled spins. Changing the redox state of the molecule therefore switches on and off a parallel exchange path between the two radical spins through the added electron. This electrically-controlled gating of the intramolecular magnetic interactions constitutes an essential ingredient of a single-molecule √ SWAP quantum gate.
tions [24] [25] [26] and potentially allow to overcome the limitations inherent to SMMs owing to low spin-orbit coupling and hyperfine interaction. However, the existing experimental examples have shown either a relatively small electric control over the exchange coupling 26 or a reduction of the molecule to a closed-shell system with no unpaired spins. A gate voltage allows to reversibly add a spin (blue dot) onto the redox center and, with that, switch on and off the magnetic couplings between the added electron and the two radical spins. For each state inelastic electron tunneling spectroscopy (IETS) is performed (yellow electron). (c) Differential conductance (red) and corresponding redox center spin value s (blue) as a function of V g . Sweeping from V g,off to V g,on , the site is progressively filled and s increases from 0 to 1/2. The value V g,off (V g,on ) marks the gate voltage at which the added spin stably resides off (on) the molecule.
Here, we report the reversible and stable reduction of a neutral diradical molecule in a three-terminal device, by means of a gate electrode. Inelastic electron tunneling spectroscopy (IETS) in the two stable redox states shows that the added electron magnetically couples to the two radical spins, preserving their open-shell character, while changing the magnetic state of the molecule from a singlet to a doublet state with three unpaired electrons. This ability to reversibly switch on the exchange couplings between the added electron and the two radical spins could form the base for a √ SWAP quantum gate.
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RESULTS AND DISCUSSION
The molecule we use is a neutral 2,4,6-hexakis(pentachlorophenyl)mesitylene diradical molecule, 30 hereafter PTM-based diradical, schematically shown in Figure 1 . It is made of three methyl carbon atoms connected via a central benzene ring. Two of these C atoms are methyl radicals with unpaired electrons, while the third binds a H that closes the electronic shell. The resulting molecule is a two-spin magnetic system. Two chlorinated phenyl rings attach and surround each methyl carbon in a propeller-like configuration as seen in Figure 1 . The singlemolecule junction is formed when a single PTM-based diradical bridges the source and drain electrodes as illustrated in Figure 1 (a). The electric field produced by applying a gate voltage V g to the third electrode is used to change the redox state of the molecule (Figure 1(b) ).
In transitioning between the two states, a high-conductance peak is traversed. On the right (left) of the peak, i.e., at V g,on (V g,off ), the redox center has a stable spin s = 1/2 (s = 0).
Additional details on the fabrication and molecule deposition can be found elsewhere 31, 32 and in Methods.
We probe the excitation spectrum of an individual diradical molecule by measuring the dc-current I through the junction as a function of bias voltage V and extracting the differential conductance dI/dV . Each step in the dI/dV spectrum signals the opening of an inelastic electron current channel via the excited state of the molecule with energy eV . Following the steps' energy as a function of magnetic field allows to read out the molecule's energy spectrum, providing a single-molecule analogue of electron-spin resonance spectroscopy. ascribed to the distortion of the molecule in the solid state device in analogy with previous studies on PTM-based neutral triradicals. 26 We have verified the plausibility of this scenario by DFT calculations (see Supporting Information Section 2.2 for details).
A similar measurement is conducted at fixed V g = 3 V. Figure 3(a) shows the resulting dI/dV spectra for two different magnetic fields. At B = 0 T, excitation steps appear at V = −22 mV, −19 mV, +20 mV and +25 mV, together with a zero-bias peak ascribable to the Kondo effect. 34, 35 The asymmetry in bias-voltage positions with respect to V = 0 and the different step heights can be respectively explained by a bias-dependent tuning of the exchange coupling and contributions from resonant transport with asymmetrically coupled electrodes. For increasing B, the zero-bias peak evolves into a dip and the excitation steps Section 1 for more details). The excitations at +20 mV and +25 mV correspond therefore to the transitions |D − → |D + and |D − → |Q , respectively.
The spectrum we obtain at this gate voltage can only be hosted by a system like the one depicted in Figure 3 (c), where the electrostatically-added electron occupies an empty orbital rather than either of the half-filled radical orbitals and couples to the two unpaired spins via the exchange interactions J 13 and J 23 . This type of charging, observed also in two other molecular junctions of the 13 measured (see Methods for details on statistics), is in contrast to previously reported experiments on PTM monoradicals 27 and other neutral diradical molecules. 36 One of the possible explanations, explored by DFT calculations (see Supporting Information Section 2.3), is that the structural distortions determining the preference for the singlet ground state lead also to a concomitant reduction of the HOMO-LUMO gap.
Differently than in the neutral state, the excitation spectrum of the reduced state does The gate electrode provides thus a path to reversibly switch between the neutral and the reduced state of the diradical molecule. Along a horizontal path around zero bias, the high-conductance peak of width Γ ≈ 5 meV is traversed. In the proximity of the peak, the molecule is in a fully mixed-valence state -electrons from the electrodes are hopping on and off the redox center on a timescale τ =h/Γ ≈ 0.1 ps. Upon application of a gate 
CONCLUSIONS
In summary, we show that incorporating an organic neutral diradical molecule in a threeterminal device allows for reversible and stable charging from the neutral state to its reduced state by means of a gate voltage. By performing IETS on both redox states, we find that the electron added onto the redox center magnetically couples to the radical spins, thereby driving the two-spin singlet into a three-spin doublet ground state (with three exchange couplings). In this way, by controlling the occupation of the redox center, the exchange interactions between the two radical spins and the added electron are switched on and off.
Due to the large coupling to the leads, this switching takes place within sub-picosecond timescales.
METHODS
Details on the molecule
The studied molecule is a neutral 2,4,6-trichloro-α, α, α , α , α , α -hexakis(pentachlorophenyl)mesitylene diradical prepared as previously reported. 30 Electron Spin Resonance spectroscopy in frozen solutions containing the molecules show a S = 1 high-spin ground state, indicative of ferromagnetic exchange interactions between the two radical carbons in the molecule.
Junction preparation
The molecular solution is prepared in a water-free glove-box environment. A small amount of molecular powder is dissolved in nitrogen-saturated dichlorobenzene to a concentration of 0.5 mM approximately.
The molecular solution is deposited by drop-casting onto a Si/SiO 2 chip containing several Au bridges 100 nm wide, 400 nm long and 12 nm thick on top of an AuPd/Al 2 O 3
gate. The nanometer-spaced source-drain electrodes are produced by feedback-controlled electromigration of these bridges. 31 The electromigration process is stopped when the bridge conductance reaches 3-4 G 0 . The wire is thereafter let self-break at room temperature.
A total of 160 junctions were measured, 13 of which showed signatures characteristics of spin-dependent molecular transport. Eleven of these 13 showed clear singlet-triplet excitations with antiferromagnetic coupling ranging from 0.1 meV to about 11 meV; one showed triplet-singlet characteristic with a ferromagnetic coupling of 2 meV. Four out of the 11 exhibited a degeneracy point and thus charging within the available gate voltage window. In 3 of the 4, the added charge modulates the magnetic properties.
Experimental conditions
All the measurements reported in the manuscript are performed in a high-vacuum chamber
of a dilution refrigerator (≈70 mK). A built-in superconducting magnet
can be used to apply magnetic fields up to 9 T. 
Supporting Information for Redox-Induced Gating of the Exchange Interactions in a Single Organic Diradical
This supplemental material is divided in two sections: Section 1 contains additional details about the fits to the magnetic spectra. The Density Functional Theory (DFT) calculations on PTM diradical molecules are presented in Section 2.
1.-Fits of the magnetic excitation spectra 1.1.-Spin exchange coupling in a 2-spin system: the neutral diradical.
In Fig. 2a in the main manuscript we show fits of the dI/dV excitation spectra in the 2-spin state of the PTM diradical molecule. These fits are obtained using the tunneling model introduced in 33 . Within the framework of this model we describe the system by two magnetic centers with S = 1/2 interacting through a Heisenberg exchange coupling J 12 .
Depending on the sign of J 12 this 2-spin system can host two distinct ground states: a singlet |S and a triplet |T . From the excitation spectra we find the triplet to be the excited state, which implies that the exchange coupling is antiferromagnetic (positive J 12 ). The excitation energy for the transition |S → |T equals the exchange coupling J 12 , which we determine by the fit to be 4.65 meV. In order to account for the broadening of the excitations steps, we take an effective temperature of 1.4 K. The splitting of the steps with increasing magnetic field is well reproduced by a Zeeman interaction with a g-factor of 2. A small added linear slope corrects for a possible non-flat density of states in the electrodes.
The peaks on top of the excitation steps around ±5 mV can be reproduced in the model by two distinct mechanisms. The first being third-order tunneling processes, which yield peaks at bias voltages corresponding to the energy of the intermediate state in the scattering process (as described in ref. 33 ). Alternatively, the peaks can be reproduced by including non-equilibrium effects, which follow from non-zero occupations of the excited states. 33 Upon including these effects, the height of the excitation peaks decreases with increasing energy, which is in accordance with the observed decreasing height of the split excitation steps towards higher bias. In contrast, third-order tunneling processes yield equal peak heights for the three split excitation steps. We conclude that the best agreement with the data is found by including scattering processes of second order only.
1.2.-Spin-exchange couplings in a 3-spin system: the reduced diradical
The excitation spectrum of the 3-spin state in the reduced diradical (Fig. 3 in the main manuscript) shows additional features which cannot be captured within the framework of the employed tunneling model. A zero-bias peak and a sharply peaked excitation step at 25 mV signal the presence of Kondo correlations, for which more involved theoretical treatments are necessary. 37 In addition, the strong bias asymmetry for energies above the excitation energies cannot be explained by second-order co-tunneling processes. The bias asymmetry is a characteristic feature of sequential electron tunneling (SET) with asymmetrically coupled electrodes. Taking these processes into account is beyond the scope of this analysis. Still, we can extract valuable information from the spectrum within the framework of a simpler model in order to make reasonable estimates of the three spin-exchange couplings of this charge state.
For the analysis of the spin excitation spectra we model the 3-spin system by the phenomenological Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian
where J ij represents the spin-exchange coupling between spins i and j, andŜ i the spin operator of spin i. This system can host three different spin multiplets: one quartet (|Q ) and two doublets (|D + and |D − ), which can be written as
and
where the coefficients α ± ijk depend on the values of the exchange couplings:
with
These equations show that the coefficients of the doublet eigenstates are functions of the three exchange couplings. This is in contrast with the quartet eigenstate of the three-spin system (equation 2) and the singlet and triplet eigenstates of the two-spin system, which only involve numerical coefficients. The J-dependence disappears once a symmetry is imposed, like J 12 = J 23 or any permutation of this equality. Here, we treat the most general case, which remains valid for J 12 = J 13 = J 23 . The eigenenergies that correspond to the spin eigenstates are given by
We note that X ≥ 0, from which it follows that |D − is always the doublet with the lowest energy. Given that the quartet appears as an excited state in the spin spectroscopy measurements (see Fig. 3 in the main manuscript), we conclude that |D − is the ground state of the 3-spin system and the observed multiplet excitations correspond to |D − → |D + and |D − → |Q . The excitation energies of these transitions follow from equations 6 and 7:
The experimental values we find for ∆ 1 and ∆ 2 are 20 meV and 25 meV, respectively (see Fig. 3 in the main manuscript). By equating these values with equations 8 and 9 we obtain a system of two equations with three unknown variables (J 12 , J 13 and J 23 ). This system of equations is undetermined and its solutions lie on an ellipse in the parameter space spanned by the three exchange couplings as represented in Fig.5 ). Without additional knowledge about the system we cannot discern between these different solutions.
We can, however, conclude that no symmetric solution, i.e., J 12 ≈ J 13 ≈ J 23 , is available.
This suggests that the added electron in the reduced charge state does not go to the position of the third radical center in the structurally equivalent PTM triradical. Moreover, if we assume that the exchange coupling of the neutral charge state remains unchanged upon charging (J 12 ≈ 5 meV), the solution set reduces to a single solution in which the added electron is asymmetrically coupled to the two radical centers (J 13 ≈ 2 meV and J 23 ≈ 23 meV, green square in Fig.5 ) and is therefore likely to be located on a ligand attached to one of the two radical centers. Two other characteristic scenarios within the solution set (red hexagon and orange circle) are highlighted in Fig.5 .
Additional information can be gained from the dI/dV spectra by analyzing the relative step height of the two spin multiplet excitations. The intensity (step height) of a transition |ψ i → |ψ f in the dI/dV spectrum is proportional to the modulus squared of its transition matrix element:
where S For the estimation of the step heights from the experimental spectrum we focus on the negative bias voltage side, where no contributions from Kondo correlations are visible and the flat excitation steps are indicative of second-order tunneling processes only. We estimate the ratio of the step heights of the two excitations to be ∼2, for which the present analysis favors the first configuration in Table 1 . Two spins are strongly coupled to each other (∼23 meV), whereas the third spin is relatively weakly coupled (2-5 meV) to the former two. This is consistent with the scenario we proposed before, in which J 12 ≈ 5 meV as in the 2-spin state, J 13 ≈ 2 meV and J 23 ≈ 23 meV.
The contribution of elastic co-tunneling however, which we have neglected so far, is in this configuration one order of magnitude larger than the inelastic co-tunneling steps, which is not what we observe in the experimental spectrum. In fact, if we consider transport through only one spin there is no combination of exchange couplings that reproduces the measurements. Only by introducing an interfering channel through a second spin, both the ratio of the inelastic step heights, as well as the observed elastic co-tunneling contribution match the experimental spectrum. The transport through this three-spin system occurs therefore through at least two interfering channels. 
where E s , E T and E BS are the energies of the singlet, triplet and broken symmetry states, respectively. The denominator contains the expectation value of the square of the total spin operator for the triplet and BS solutions (close to 2.000 and 1.000, respectively).
2.2.-Exploration of distortions leading to ground state multiplicity reversal
For the most extensively investigated sample, the ground state is a singlet state (see Fig. 2 in the main manuscript), as opposed to the triplet ground state of the same molecule in frozen solution. 30 Thus, it is reasonable to think that the reversal in the ground state multiplicity of the molecule comes from its interaction with the electrodes. 26 Following a very similar reasoning to the one presented for the related PTM triradical case, 26 we have studied some sensible potential energy surfaces (PES) in order to check whether a torsion of the main dihedral angles also lead to a change in the sign of the magnetic exchange coupling of the molecule.
2.2.1.-Definition of the structural parameters modified and associated geometries. Distortion along D6 and D24 dihedral angles.
The z-matrix used to investigate the effect of the distortion on the electronic structure of the molecule is presented in Table 2 . where the parameters D6 and D24 are used to perform the distortion. Note that the presented values correspond with the stationary point in the PES of the triplet state (the absolute minimum) and these dihedral angles define the relative position of the carbon-centered radical with the shared central ring, as indicated in Fig.6 . Now, in order to roughly simulate one of the possible impacts of the electrodes on these molecules, we undergo an investigation of the energies of the triplet and broken symmetry solutions at a series of distorted points. The strategy followed consists in modifying the D6 and D24 values, and allow a relaxation of the rest of structural parameters for the triplet state. Once the restricted optimization has located a stationary point (keeping D6
and D24 fixed), this geometry is used to perform a single point calculation of the broken symmetry solution. With these two states and using Yamaguchi's formula, one can calculate the magnetic coupling constant at each geometry.
2.2.2.-Results: Energetic cost and magnetic coupling constant vs distortion
The different points in the PES of the triplet, their corresponding absolute energies, the associated energetic cost to undergo the distortion from the absolute minimum and the extracted magnetic coupling constants are displayed in Table 3 . The graphical representation of these values is presented in Fig.7 . We observe a similar tendency as in the previously reported PTM triradical: 26 a distortion of the molecule paying relatively low energies can invert the sign of the exchange coupling from ferro to antiferro. Thus, we performed a series of more extended distortions where the rest of the structural parameters were not relaxed. Again, we calculated the triplet and BS solutions for each geometry and investigated the impact on the HOMO-LUMO gap. We have found four differential behaviours (detailed in Table 4 ): first, one in which the distortions lead to a singlet ground state but leave intact the HOMO-LUMO gap; second, a situation in which the distortions reduce the HOMO-LUMO gap but result in even larger energy differences between the ground triplet and excited BS solutions; third, corresponding to the case that would explain the experimental results, where the distortion concomitantly stabilizes the BS state as the ground state and reduces the HOMO-LUMO gap. Finally, we have also observed that if the distortions are too large, to the point of having very close Cl· · ·Cl or Cl· · ·π-system interactions, the nature of the magnetic states is not maintained and the spin density is no longer dominated by the carbon-based radical centres (see Figure 8 ). In this case, the HOMO-LUMO gap of the much more stable BS solutions is reduced to 0.5 eV.
However, since the experimental data clearly resolves the singlet-triplet spectrum, the latter case is discarded as a plausible explanation. Using the same definition of the z-matrix as the one presented in Table 2 , we investigated several PES by modifying a series of different structural parameters. Figure 9 depicts the new set of parameters that have been considered. 
-Spin density and geometry of the neutral and reduced molecule
We have also investigated the effect of charging on the spin and geometry of the gas-phase molecule.
Fixing the torsion angle to θ = 75
• , we calculate the spin densities of the neutral and reduced diradical. At these torsion angle, the former is in the singlet ground state (see Figure 7 ) while the latter in the doublet ground state. The result for the neutral molecule is shown in Figure 10 (a): one radical centre presents a majority of α-density (blue) and the other a majority of β-density (green) with both densities localised on their respective pairs of external phenyl rings. The result for the reduced form at the neutral geometry is shown in Figure 10 (b). Here, both radical centres present the same density, and the inner phenyl ring presents a comparatively higher density than in the neutral case. This can be understood as a consequence of the spin-alternation rule 1 in the inner ring. According to these results, one would expect the extra electron to be located in the inner phenyl ring. a b Neutral Reduced Figure 10 : Spin density of the gas-phase neutral and reduced molecule at a torsion angle of 75
• . According to this calculation, the added charge is located on the central phenyl ring.
In order to compare the geometry of the neutral and reduced diradical, we proceed by characterizing the stationary minima of both forms in gas phase. Figure 11 presents the overlapped structures after imposing one into another by ensuring that the rotation minimizes the RMSD value, following the algorithm proposed by Kabsch, 49, 50 and implemented by Kroman and Bratholm. 51 The optimization of the reduced diradical (three spins) has been performed following the same method used to optimize the neutral diradical. An attempt to improve the basis set to include diffuse functions turned out not feasible due to memory problems(≈ 1700 basis functions). The obtained Kabsch RMSD value is 0.674Å which indicates that there is a significant difference between both structures. This is an indication that depending on how the molecule sits between the electrodes, it might favor the charging process just because the geometry is more similar to the one that the anion would adopt in the gas phase.
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